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Abstract 
Copper homeostasis is achieved in bacteria through a combination of copper chaperones and 
transporting and chelating proteins. Bioinformatic analyses were used to identify which of these 
proteins are present in Deltaproteobacteria. The genetic environment of the bacteria is affected 
by its lifestyle, as those that live in higher concentrations of copper have more of these proteins. 
Two major transport proteins, CopA and CusC, were found to cluster together frequently in the 
genomes and appear integral to copper homeostasis in Deltaproteobacteria.  
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1 Introduction 
Copper is an essential micronutrient. [1] However, at high concentrations it can be toxic 
to the cell. This is due in part to the fact that free copper, or copper not bound to a cuproprotein, 
can catalyze the formation of hydroxyl radicals through Fenton chemistry, wherein the free 
copper interacts with hydrogen peroxide. [2-4] Though these free radicals do damage the cell by 
catalyzing oxidative DNA damage, this is not the main reason for copper toxicity. Excess copper 
in the cell will disrupt the Fe-S clusters found in metalloproteins. [3, 5]
 
Consequently, it is 
important that cells control copper concentration by maintaining homeostasis through different 
cytoplasmic, transmembrane, and periplasmic copper transport protein systems. 
 Copper homeostasis systems have been well-characterized in Escherichia coli, 
Salmonella enterica sv. Typhimurium, and Pseudomonas aeruginosa, all of which are Gram-
negative and belong to the class Gammaproteobacteria. [5, 6] These bacterial cells must maintain 
non-toxic concentrations of copper in both the cytoplasm and the periplasm, and as such have 
several systems that deal with both the influx and efflux of copper into either compartment. 
Three main copper protein systems have been identified: the Cue system, the Cus system, and 
the Pco system (Figure 1). [5, 7] 
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Figure 1. Model of copper homeostasis in Escherichia coli involving the 14 copper homeostasis 
proteins found in its genome. 
 
 This analysis seeks to identify which copper homeostasis systems or individual proteins 
are important to the management of copper concentration in the organisms of the class 
Deltaproteobacteria. Identification of bidirectional orthologs to 14 seed homeostasis proteins in 
the Deltaproteobacterial genomes has given data on the presence or absence of these proteins in 
the organism. We hypothesize that the genes present or absent will be different among organisms 
of different genera and even among those in the same genera and that these differences will be 
due largely to the types of environments in which the organisms live. We also propose that 
certain genes coding for the elements of a given transport system will be present together, or 
cluster, in the various genomes. This report addresses these points as well as sheds light onto the 
prevalence and function of copper homeostasis systems in Deltaproteobacteria. 
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1.1 Deltaproteobacteria 
 Deltaproteobacteria is a class of Proteobacteria, a phylum that consists of Gram-negative 
bacteria that were once known collectively as “purple bacteria and their relatives.” [8] There are 
seven classes of Proteobacteria that are defined by differences in their 16S rRNA: 
Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, 
Epsilonproteobacteria, Zetaproteobacteria, and Acidithiobacillia. [8-10] Deltaproteobacteria are 
proposed to have branched off early in the evolutionary history of the Proteobacteria (Figure 2). 
[8]
 
 
Figure 2. Phylogenetic tree showing the relationship between four classes of Proteobacteria: 
Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, and Deltaproteobacteria. [8]
 
 
The class can be divided into 3 main types of bacteria. One of these groups consists of 
obligate anaerobes, which includes sulfate- and sulfur-reducing bacteria, the second consists of 
varied aerobes, and the third consists of myxobacteria, which come together to form an aggregate 
called a “fruiting body” in times of nutritive stress. [11, 12] The lifestyle of each species or strain 
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and its classification into any of these 3 groups was found on either NCBI, Kenyon College’s 
Microbe Wiki, or the DOE Joint Genome Institute Tree of Life website (Table 1). [13-15]
 
Table 1. Summary of the lifestyles and environmental conditions of each organism in 
Deltaproteobacteria. [13-15]
 
Genus Species Strain Characteristics 
Geobacter sulfurreducens  PCA anaerobic, sulfur reducing, oxidizes 
organic compounds 
  KN400 anaerobic, sulfur reducing, ox. organic 
compounds 
 Metallireducens  anaerobic, found in freshwater sediments, 
reduced metals, oxidizes organic 
compounds 
 Uraniireducens  used in bioremediation, reduces metals 
including uranium, oxidizes organic acids 
 Lovleyi  anaerobic, found in creek sediments, 
gains energy by coupling dechlorination 
of PCE to oxidation of acetate 
 Bemidjiensis  found in petroleum-contaminated water, 
couples metal reduction to oxidation of 
acetate 
 sp. FRC-32 reduces iron and uranium 
  M21 used in uranium bioremediation 
  M18 used in uranium bioremediation 
Pelobacter Carbinolicus  mesophillic, anaerobic, iron- and sulfur-
reducing 
 Propionicus  mesophillic, anaerobic, 
chemoorganotrophic 
Desulfovibrio Vulgaris Hildenborough found in clay soil, anaerobic, sulfur-
reducing 
  DP4 anaerobic, sulfate-reducing, 
bioremediator, soil/aquatic environments 
  Miyazaki F anaerobic, sulfate-reducing, contains a 
gene for a Ni-Fe Hydrogenase 
  RCH1 anaerobic, uranium-reducing 
  G20 anaerobic, sulfate-reducing 
  ATCC 27774 anaerobic, sulfate-reducing 
  ND132 anaerobic, sulfate-reducing 
 Magneticus  sulfate-reducing, magnetotactic 
 Salexigens  sulfate-reducing 
 aespoeensis  mesophillic, sulfate-reducing, found in 
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ice water 
 Africanus  sulfate-reducing 
Lawsonia Intracellularis  pathogen in pig intestines 
Desulfomicrobium Baculatum  anaerobic, sulfate-reducing, found in 
manganese carbonate ore 
Desulfohalobium Retbaense  halophilic, sulfate-reducing 
Bdellovibrio  Bacteriovorus  predator to other Gram-negative bacteria 
Bacteriovorax  marinus  SJ predator to other Gram-negative bacteria 
Desulfotalea  Psychrophila  sulfate-reducing, arctic marine sediments 
Desulfurivibrio Alkaliphilus  anaerobic, sulfate-reducing 
Desulfobulbus Propionicus  sulfate-reducing, mesophillic, anaerobic, 
chemoorganotrophic 
Candidatus 
Desulfococcus 
Oleovorans Hxd3 found in oil 
Desulfatibacillum  Alkenivorans  found in petroleum-contaminated water, 
couples sulfate reduction to alkene 
oxidation 
Desulfobacterium  Autotrophicum  found in marine sediments, couples sulfur 
reduction to organic compound oxidation 
Anaeromyxobacter   2CP-C 2CP-C myxobacteria, anaerobic, reduces metals, 
found in soil 
  2CP-1 myxobacteria, anaerobic, reduces metals, 
found in soil 
 sp.  Fw109-5 myxobacteria, anaerobic, reduces metals, 
found in soil 
  K myxobacteria, anaerobic, reduces metals, 
found in soil 
Myxococcus Xanthus  myxobacteria, found in topsoil, sand, or 
rocks 
 Fulvus  myxobacteria, found in topsoil, sand, or 
rocks 
Stigmatella Aurantiaca  myxobacteria, mesophillic 
Sorangium Cellulosum  myxobacteria, produced epothilone and 
soraphen 
Haliangium  Ochraceum  myxobacteria, obligate halophile, aerobic 
Syntrophus  Aciditrophicus  anaerobic, syntrophic, degrades fatty and 
aromatic acids 
Desulfobacca acetoxidans  DSM 11109 sulfate-reducer, degrades acetate, 
anaerobic, mesophillic 
Syntrophobacter Fumaroxidans  syntrophic, anaerobic, oxidzes organic 
compounds, reduces sulfate 
Desulfarculus Baarsii  mesophilic, sulfate reducing, oxidizes 
fatty acids up to 18 C long 
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Hippea  Maritima  found in underwater heat vents, 
thermophilic, sulfur reducing 
Corallococcus Coralloides  Myxobacteria 
1.2 Cue system 
 The Cue system, or the Cu efflux system, is a copper homeostasis system that deals with 
the transport of copper out of the cytoplasm and is generally chromosomal. The Cue system 
consists of 4 proteins: CueR, CopA, CueO, and CueP. CueR is a metalloregulator that responds 
to cytoplasmic copper concentration. [16] When activated, CueR upregulates the expression of 
copA, cueO, and cueP. [17] CopA is a Cu
+
-translocating P-type ATPase that is required for 
copper resistance under both aerobic and anaerobic conditions. [7, 18] CopA is an inner 
membrane protein that translocates cytoplasmic Cu
+
 to the periplasm. Cytoplasmic Cu
+
 is loaded 
into the entry metal binding site (MBS) of CopA by a chaperone, such as CopZ in Escherichia 
coli. [16, 18] 
CueO is a soluble, multi-copper oxidase that uses the Tat pathway to exit the cytoplasm. 
As it is exported, it transports 4 Cu
+
 bound per protein chain. [17] CueO has laccase-like activity 
and needs oxygen to function, and is therefore inactive under anaerobic conditions. [17] CueO 
oxidizes Cu
+
 to the less toxic Cu
2+
. [7] CueP is present in Salmonella enterica sv. Typhimurium 
but not in Escherichia coli. CueP is thought to be a periplasmic copper-binding protein and is 
proposed to be important to copper resistance under anaerobic conditions and could possibly 
replace the Cus System. [19, 20] The Cue system generally protects the cell from cytoplasmic 
copper stress and appears to be the main copper homeostasis system.[7]
 
1.3 Cus system 
 The Cus sytem (Cu sensing) is the also a mainly chromosomal copper homeostasis 
system. This system deals with the detoxification of copper in both the cytoplasm and the 
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periplasm and consists of 6 proteins: CusR, CusS, CusA, CusB, CusC, and CusF. The system is 
regulated by a two-protein signal transduction system wherein CusS senses the level of 
periplasmic copper and activates the response regulator, CusR, which in turn activates the 
transcription of cusCFBA.[17]  CusA, CusB, and CusC form a CBA-transport system wherein 
the proteins form an ion channel that translocates copper across the outer membrane and out of 
the cell. [16] CusA is the inner membrane component of the channel and belongs to the 
Resistance Nodulation Cell Division (RND) superfamily. [17] CusC is the outer membrane 
component and has homology to the stress-response protein, TolC. [17] CusB, the last 
component of the complex, acts as a clamp that holds together the inner and outer membrane 
components. [7]  
CusF is a periplasmic protein that is proposed to bind Cu
+
 and act as a copper chaperone 
to the CusCBA transport complex. [7] Though the Cue system is thought to be the main copper 
homeostasis system under aerobic conditions, the Cus system is proposed to be important under 
instances of extreme copper stress or under anaerobic conditions. [7]
 
1.4 Pco system 
 The Pco system is a copper homeostasis system that functions in periplasmic 
detoxification of copper under conditions of extreme copper stress and is generally plasmid-
encoded. [7] The Pco system consists of 7 proteins: PcoR, PcoS, PcoA, PcoB, PcoC, PcoD, 
PcoE. Much like in the Cus system, PcoRS form a two-component system wherein PcoS senses 
the copper to activate PcoR, which activates the transcription of pcoABCD. Interestingly, the 
transcription of pcoE is activated by CusRS, not PcoRS. PcoA is a multi-copper oxidase that 
shares some homology with and could functionally replace CueO. Like CueO, PcoA probably 
binds Cu
+
 fully folded in the cytoplasm and translocates it across the inner membrane to the 
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periplasm. [7] PcoB is an outer membrane protein that is hypothesized to export periplasmic 
copper and interact with PcoA.  
PcoD is an inner membrane protein that translocates periplasmic copper into the 
cytoplasm. PcoC is thought to be a copper-binding protein that acts as a chaperone to PcoD. [7] 
PcoE, on the other hand, is regulated by a different system: CusRS. Because of this, it is thought 
that PcoE functions as a rapid-response protein that sequesters periplasmic copper while 
expression of pcoABCD is still being induced. [21] It is proposed that the Pco system generally 
acts a periplasmic detoxification system under conditions of extreme copper stress or under 
anaerobiosis. [7]
 
1.5 Other copper homeostasis proteins  
 There are a few proteins associated with copper homeostasis that do not belong to a 
known system. One of these is YebZ, an inner membrane protein whose structure and function 
are relatively uncharacterized. [5] However, YebZ shows some homology to PcoD, and it is 
thought that PcoD may have come from a duplication of the horizontally transferred YebZ. [5] 
The other protein, CutF (also known as NlpE), is proposed to be an outer membrane protein that 
both expels copper from the periplasm and is involved in the delivery of copper to cuproproteins. 
[5, 22]  
1.6 Bioinformatic approach 
 Bioinformatic analyses can reveal relationships at the organismal level, or even the 
molecular level, which are not necessarily made evident by biochemical or cellular experimental 
techniques alone. This report makes use of both a bioinformatic database, KEGG, and a helpful 
bioinformatic analysis technique, the Bidirectional Best Hit (BBH) method. KEGG is a large 
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database that houses 15 smaller, main databases that contain a plethora of data on biological 
systems, genomics, and chemical or enzymatic properties. [23] The database used in this study 
was the KEGG Genes database, wherein genomic information of organisms with completely 
sequenced genomes is organized. This database is particularly useful as it contains the genomic 
information of over 2700 organisms among the 3 different domains, including that of 48 
Deltaproteobacterial organisms. 
 The BBH method identifies orthologous genes by using a sequence analysis program to 
compile hits whose sequences have some percentage of homology to the model, or seed, protein 
sequence. The first, or best, hit in the list has the highest percentage of homology, and this 
decreases further down the list of hits. An ortholog is said to be bidirectional if it is the best hit to 
the seed protein in the seed protein’s genome and the seed protein is the best hit to the other 
protein in its genome. [24] Another aspect that contributes to this method is the genomic location 
of the protein hit. For instance, if the gene for the protein hit is located on a plasmid as opposed 
to the chromosome, it may be that the gene was integrated into the genome not by a speciation 
event, but by horizontal gene transfer, which would make the protein hit a paralog and not an 
ortholog. [25, 26] 
 Another factor that is important to the BBH method is alignment coverage. This describes 
the fraction of the seed protein that is aligned to the protein hits and is very much a parameter of 
sequence length. Similarly, the Expect value (E-value) and its cut-off value are key parameters in 
bioinformatic analyses. E-values are probabilistic values that give an idea of “background noise,” 
or random, chance hits present in the list of hits generated by a sequence analysis algorithm. The 
value itself indicates the number of random hits that can be expected when an analysis is 
performed using a database of a given size. A hit with an E-value of 100 tells that in a database 
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of that size, probability dictates that there are 100 other hits that randomly have the same 
homology score out of chance and not due to true homology of structure or function. Therefore, a 
hit with an E-value approaching 1 is likely a poor match as there is a high probability of it being 
a random match, whereas a hit with an E-value approaching 0 is likely a good match as there is a 
low probability of it being a random match. E-value is a function of both database size as well as 
seed protein sequence length, as a shorter seed sequence is more likely to appear randomly in 
other, longer protein sequences than a longer seed sequence. [27]
 
 In developing copper homeostasis profiles for Deltaproteobacteria, it is essential to take 
into account the lifestyle of each organism to gain knowledge on what sort of biochemical 
mechanisms and systems are needed to sustain the organism in its natural environment (Table 1). 
For example, it is logical to hypothesize that an organism that lives in an environment with 
extremely high concentrations of copper would need a strong copper homeostasis system to 
maintain non-lethal levels of intracellular copper. This study seeks to shed light onto this point, 
and therefore information on the environment and lifestyles each species of bacteria endures is 
necessary in order to establish tentative relationships between these conditions and the presence 
or absence of copper homeostasis genes in the bacteria. 
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2 Materials and Methods 
2.1 Identification of orthologs using the Bidirectional Best Hit method 
 Acquiring δ-proteobacterial genomes  
We used 48 Deltaproteobacterial genomes (as of June 3 2012) available on KEGG 
Database (Release 56.0, October 1, 2010) in this analysis [23].  
 Acquiring protein sequences used for identification of orthologs 
Sequences from the following seed protein from Gammaproteobacterial organisms were 
used in this study [5]:  
Table 2. Seed proteins listed with the organism from which they come and the KEGG key that 
identifies them. 
Protein Organism KEGG Key 
CopA Escherichia coli O1:K1:H7 (APEC) ecv:APECO1_1528 
CueO Escherichia coli O1:K1:H7 (APEC) ecv:APECO1_1862 
CueP Salmonella enterica subsp. Enterica serovar typhimurium 
LT2 
stm:STM3650 
PcoA Escherichia coli O1:K1:H7 (APEC) ecv:APECO1_O1R119.2 
PcoB Escherichia coli O1:K1:H7 (APEC) ecv:APECO1_O1R119 
PcoC Escherichia coli O1:K1:H7 (APEC) ecv:APECO1_O1R120 
PcoD Escherichia coli O1:K1:H7 (APEC) ecv: APECO1_O1R121 
PcoE Escherichia coli O1:K1:H7 (APEC) ecv:APECO1_O1R118 
CusA Escherichia coli K-12 MG1655 eco:b0575 
CusB Escherichia coli K-12 MG1655 eco:b0574 
CusC Escherichia coli K-12 MG1655 eco:b0572 
CusF Escherichia coli K-12 MG1655 eco:b0573 
YebZ Escherichia coli O1:K1:H7 (APEC) ecv:APECO1_893 
CutF Escherichia coli O1:K1:H7 (APEC) ecv:APECO1_1795 
 Bidirectional Best Hit method 
 The Bidirectional Best Hit (BBH) method was used in conjunction with the BLASTP 
sequence homology algorithm to identify bidirectional orthologs of the seed protein present in 
the target Deltaproteobacterial genomes. A cut-off E-value of 10
-3
 as well as a minimal 
alignment coverage for query and/or subject sequence greater than or equal to 50 percent were 
used to refine the search. [5, 24]
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2.2 Construction of phylogenetic profiles for copper homeostasis 
 A species-level copper homeostasis profile was assembled using each 
Deltaproteobacterial species to represent a unique clade. [28] Presence of an ortholog in each 
clade was represented by a 1 and the absence by a 0. A genus-level copper homeostasis profile 
was created using each Deltaproteobacterial genus to represent a unique clade. Using the 
presence/absence information from the species-level profile, the presence/absence among all 
species in each genus was generated to yield a decimal between the values of 0 and 1. [5]
 
2.3 Clustering and formation of phylogenetic trees 
 Clustering of phylogenetic information 
 Clustering based on presence/absence data was carried out using the Multiexperiment 
Viewer (MeV) software. [29] The Hierarchical Clustering algorithm was used to generate 
clusters with Manhattan distance used as a metric for tree calculation and average linkage 
distances to enhance the clustering matrix produced. [5] 
 Construction of phylogenetic trees 
 A phylogenetic tree based on sequence homology of all Deltaproteobacterial genera was 
created by selecting a representative organism from each genus. The NCBI taxonomic ID of each 
was used to generate a tree using the Interactive Tree of Life (iTOL) program. [30]
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3 Results 
3.1 Identification of orthologs 
 The 14 seed protein sequences were run through the KEGG BLASTP sequence analysis 
program with the parameters set to search only Deltaproteobacteria in order to identify 
orthologous proteins in each of the 48 genomes. The BBH method was used to ensure that hits 
chosen were in fact orthologous and not paralogous or random proteins with a chance high 
percentage of homology. This analysis revealed that 20.8% of all organisms had a bidrectional 
ortholog of PcoA, 4.2% of PcoB, 64.6% of CusA, 60.74% of CusB, 81.3% of CusC, 6.3% of 
CusF, 100% of CopA, 27% of CueO, 4.2% of CutF and 0% of PcoC, PcoD, PcoE, CueP, and 
YebZ (Figure 3). Each organism had on average 26.3% of the 14 copper homeostasis proteins, 
with Hippea Maritima having the fewest (7.1%) and Anaeromyxobacter sp. Fw109-5 having the 
greatest (50%). Only two of these bidirectional hits were located in a plasmid as opposed to the 
chromosome, and both in the organism Pelobacter propionicus. 
 
Figure 3. Representation of the percent presence of the 14 proteins among the 48 
Deltaproteobacterial genomes. 
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3.2 Establishing relationships between systems and organisms based on 
gene presence/absence and sequence homology 
 
 Once we acquired an archive of bidirectional orthologs for each of the 14 seed proteins 
among the 48 Deltaproteobacterial genomes, we wanted to investigate the relationships between 
the organisms based on sequence homology and on the presence or absence of the copper 
homeostasis proteins. A matrix was constructed of seed proteins by organisms. Those organisms 
which had a bidirectional ortholog for a protein were assigned a value of 1, and those that did not 
were assigned a value of 0. This matrix was analyzed in Multiexperiment Viewer (MeV) to form 
clusters and the Manhattan distance parameter was used to calculate average linkage distances 
between the organisms. The clustering relationship between the organisms based on the 
presence/absence of a bidirectional ortholog to the seed proteins in the organism’s genome was 
deduced (Figure 4).  
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Figure 4. Matrix of seed proteins by individual Deltaproteobacterial genomes. This matrix shows 
the clustering of the organisms based on the presence/absence of a bidirectional ortholog of the seed 
proteins in the organism’s genome. 
 
 We further explored clustering relationships within organisms in a genus to identify any 
patterns in clustering. Much like with the individual organisms, a matrix was constructed of seed 
proteins by genus. Using the presence/absence information from the species-level profile, the 
presence/absence among all species in each genus was generated to yield a decimal between the 
values of 0 and 1, where 0 indicated that none of the organisms in the genus have a bidirectional 
ortholog of the target seed protein and 1 indicates that all of the organisms in the genus have a 
bidirectional ortholog of the target seed protein. This matrix was analyzed in MeV using the 
Manhattan distance parameter to yield a view of the clustering among the different 
Deltaproteobacterial genera (Figure 5A). Three main clusters were identified. 
20 
 
 
Figure 5. Matrices of seed proteins by Deltaproteobacterial genera. (A) Matrix that shows the 
clustering among the genera based on fractional presence/absence of a bidirectional ortholog of the 
seed proteins in the organism in the genera. 3 main clusters indicated in red. (B) Matrix that shows 
the clustering among the genera based on sequence homology. 
 Having obtained information regarding the clustering relationships between organisms 
and genera based on the presence/absence of the seed proteins, we next explored the relationship 
between the genera based on sequence homology (Figure 5B). A model organism from each 
genus (Table 3) was picked and the taxonomic IDs of these organisms were submitted to the 
Interactive Tree of Life (iTOL) program to generate a phylogenetic tree that showed the 
evolutionary relationship of the 25 genera based on sequence homology. This tree reveals that all 
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of the myxobacterial genera (Anaeromyxobacter, Myxococcus, Stigmatella, Sorangium, 
Haliangium, and Corallococcus) are clustered together separately from the other genera. It also 
shows that the two parasitic genera (Bdellovibrio and Bacteriovorax) are clustered together as 
well. Interestingly, the two genera that have the least amount of orthologs—Hippea maritima 
and Desulfarculus with 1 and 2 orthologs, respectively—branch off closest from the root, 
suggesting a divergence early in the evolution of Deltaproteobacteria. 
Table 3. List of the organisms used as the model organism to represent each Deltaproteobacterial 
genus and their corresponding taxonomic IDs. 
Model Organism Taxonomic ID 
Geobacter metallireducens GS-15 269799 
Pelobacter carbinolicus DSM 2380 338963 
Desulfovibrio alaskensis G20 207559 
Lawsonia intracellularis PHE/MN1-00 363253 
Desulfomicrobium baculatum DSM 4028 525897 
Desulfohalobium retbaense DSM 5692 485915 
Bdellovibrio bacteriovorus HD100 264462 
Bacteriovorax marinus SJ 862908 
Desulfotalea psychrophila LSv54 177439 
Desulfurivibrio alkaliphilus AHT2 589865 
Desulfobulbus propionicus DSM 2032 577650 
Desulfococcus oleovorans Hxd3 96561 
Desulfatibacillum alkenivorans AK-01 439235 
Desulfobacterium autotrophicum HRM2 177437 
Anaeromyxobacter dehalogenans 2CP-C 290397 
Myxococcus xanthus DK 1622 246197 
Stigmatella aurantiaca DW4/3-1 378806 
Sorangium cellulosum So ce56 448385 
Haliangium ochraceum DSM 14365 502025 
Syntrophus aciditrophicus SB 56780 
Desulfobacca acetoxidans DSM 11109 880072 
Syntrophobacter fumaroxidans MPOB 335543 
Desulfarculus baarsii DSM 2075 644282 
Hippea maritima DSM 10411 760142 
Corallococcus coralloides DSM 2259 1144275 
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The way the genera cluster using the presence/absence analysis differs from the way the 
genera cluster using sequence homology analysis in a few key ways. In both of the analyses, the 
myxobacteria generally cluster together. In the sequence homology analysis, all of the 
myxobacteria cluster together separately from the other genera; however, in the presence/absence 
analysis, Haliangium and Anaeromyxobacter cluster separately from the other myxobacteria. 
Haliangium clusters separately and Anaeromyxobacter clusters with Geobacter, a genus with 
anaerobic, sulfate-reducing organisms. Also, the other myxobacteria (Myxococcus, Sorangium, 
Stigmatella, and Corallococcus) cluster more closely to the parasitic organisms (Bacteriovorax 
and Bdellovibrio) in the presence/absence analysis than they do in the sequence homology 
analysis. 
An analysis of the partial presence/absence of orthologs of the seed proteins in each 
Deltaproteobacterial genera (Figure 5A) reveals an interesting pattern. Genera whose organisms 
are pathogenic, predatory, or syntrophic, groups of bacteria we proposed to have lifestyles that 
expose them to higher copper concentrations, tend to have only 2 or 3 orthologs, usually an 
ortholog of CopA and either CusA or CusC. The three genera that have orthologs for CopA and 
CusC (Bacteriovorax, Bdellovibrio, and Syntrophobacter) also have an ortholog for either PcoA 
or CusB. The extremophiles show more mixed results. Surprisingly, the thermophilic genus, 
Hippea, has only one ortholog and to CopA, to which all Deltaproteobacterial organisms have an 
ortholog. 
 Soil-dwelling genera have orthologs to between 20 and 35% of the seed proteins. The 
genus Geobacter, which contains organisms that are anaerobic and sulfate-reducing, has an 
ortholog for 33.3% of all the seed proteins, or 4 to 5 of the proteins in each organism. 100% of 
the organisms have an ortholog for CopA, CusA, CusB, and CusC, while 50% have an ortholog 
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for CueO and 12.5% for PcoA and PcoB. Desulfovibrio, which contains varied sulfate-reducing 
organisms, has an ortholog for 21% of all the seed proteins, or 2 to 3 proteins. 100% of the 
organisms have an ortholog for CopA, 90% for CusC, 33.3% for CusA and CusB, and 22.2% for 
CutF, CueO, and PcoA. Desulfobacterium, which consists of one organism that reduces sulfur, 
has an ortholog for 4 of the proteins: CopA, CusA, CusB, and CusC. The genus Myxococcus 
contains myxobacterial organisms and has an ortholog for 25% of all of the seed proteins, or 4 in 
each organism. 100% of the organisms have an ortholog for CopA, CusA, and CusB and 50% for 
PcoA. Anaeromyxobacter, which consists of anaerobic myxobacteria, has an ortholog for 35.7% 
of all the seed proteins. 100% have an orthlog for CopA, CusA, CusB, and CusC, 50% for CueO, 
and 25% for PcoA and PcoB. 
3.3 Clustering of copper homeostasis proteins 
 In addition to revealing the clustering patterns between both the individual organisms and 
the genera of Deltaproteobacteria, the matrices (Figure 4 and Figure 5) showed how each of the 
14 seed proteins are related based on their presence/absence in Deltaproteobacteria. There are 3 
overall, distinct groups that the seed proteins are clustered into based on these matrices: CusC-
CopA-CusC-CusB, PcoA-CusF-PcoB-PcoC-PcoD-PcoE-CueP-YebZ-CutF, and CueO. Within 
the first of these groups, CusA and CopA cluster together, as do CusC and CusB. In the second 
group, PcoC-PcoD-PcoE-CueP-Yeb-Z-CutF are clustered closely together with PcoB, CusF, and 
PcoA clustering separately. CueO belongs to its own cluster based on its presence/absence. 
 We also looked at the frequency at which genes were present together in the 
Deltaproteobacterial genomes in order to get an idea of whether or not they are possibly linked. 
Among the Pco system proteins, only PcoA and PcoB were present in any organism and were 
present together twice. Out of these two times, once was as pcoAB and the other as pcoBA. In the 
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Cus system, CusA and CusB are present together in 50% of all organisms. When they cluster 
together, they cluster 62.5% of the time as cusAB and 37.5% of the time as cusBA. CusA, CusB, 
and CusC are present together in 39.5% of all organisms—15.5% of the time as cusCBA, 42% as 
cusCAB, 21.1% as cusABC, and 21.1% as cusBAC. All 4 of the proteins are present together in 
only two organisms and both times as cusCFAB.  Among the Cue system proteins, only CopA 
and CueO are present in any organism. They were present together in 27% of the organisms, 
31% of the time as copA/cueO and 69% of the time as cueO/copA. 
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4. Discussion 
4.1 Physical environment influences genetic environment 
 Maintaining copper homeostasis is essential for survival, and organisms must deal with 
copper in their environments accordingly in order to prevent copper deficiency or toxicity. We 
propose that those organisms that live in environments of considerable copper concentration will 
have more genes that code for copper homeostasis proteins than do those that live in 
environments of lower copper concentration in order to sustain homeostatic levels of copper. We 
have identified 3 groups of Deltaproteobacteria that we propose would live in areas of higher 
copper concentrations: (1) pathogenic, predatory, and syntrophic organisms, (2) extremophiles, 
and (3) soil-dwelling organisms. 
 Pathogenic bacteria are expected to have more copper homeostasis proteins because they 
interact with a host and will likely have to deal with immune responses that could present high 
levels of copper, such as that Mycobacterium tuberculosis has to process in the host phagosome. 
[5, 31] Lawsonia is the one pathogenic Deltaproteobacterial genera. Syntrophic, or symbiotic, 
organisms can also face host environments with high levels of copper, as is seen in the symbiotic 
interactions between Sinorhizobium meliloti and its host legume. S. meliloti, though beneficial to 
the host, enters by infection threads and is therefore exposed to the host’s hypersensitive 
response. The symbiont must counteract this defense mechanism through the use of 
metalloenzymes. [Argüello, unpublished data] Syntrophic Deltaproteobacterial genera include 
Syntrophus and Syntrophobacter. Predatory Deltaproteobacterial genera include Bdellovibrio and 
Bacteriovorax. These organisms come into contact with higher copper concentrations when they 
prey on their hosts. For instance, Bdellovibrio forms a body that anchors to the prey’s 
periplasmic membrane and is vulnerable to periplasmic copper. [31, 32]  
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 Extremophilic bacteria include those bacteria that live in extremely high or low 
temperatures—thermophiles and psychrophiles, respectively—or concentrations of a substance, 
such as halophiles, which live in high concentrations of salts. Extremophiles have been found in 
environments with high concentrations of copper, and extremophiles such as the acidophilic 
Ferroplasma acidarmanus have been shown to be highly copper-resistant. [32, 33] As such, we 
propose that extremophilic Deltaproteobacterial organisms, such as those that belong in the 
thermophilic Hippea genus, the psychrophilic Desulfotalea genus, and in the halophilic 
Haliangium and Desulfohalobium genera will have more orthologous genes coding for copper 
homeostatic proteins.  
The average copper concentration in soil is between 5 and 70 milligrams per kilogram of 
soil. [34] Due to this, organisms living in soil likely have a range of copper proteins to maintain 
homeostasis. Soil-dwelling Deltaproteobacterial genera include Geobacter, Desulfovibrio, 
Desulfobacterium, Myxococcus, and Anaeromyxobacter. The presence/absence matrix of the 
genera (Figure 5A) reveals 3 main clusters. The first includes genera that generally only have 
orthologs for CopA and CusC, and only a few of the genera have orthologs for the remaining 
Cus system proteins. The second cluster consists of genera that have orthologs for Copa, CusA, 
CusB, and PcoA. The third have orthologs for CopA, CusA, CusB, CusC, and some have 
orthologs for CusF, PcoA, and PcoB. The third cluster contains those genera that have the most 
copper homeostasis proteins. However, it is interesting to note that only roughly half of the 
genera present in this cluster are those we identified as those that are likely to have orthologs for 
more proteins than average. 
 These data reaffirm some of the gene clusters already established and even suggest new 
ones. The CusA-CusB and CusA-CusB-CusC clusters show up with considerable frequency in 
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Deltaproteobacterial genome: 50% and 39.5%, respectively. This is an expected outcome, as 
CusA, CusB, and CusC form a tripartite CBA complex that spans the periplasm. The channel’s 
ability to extrude copper from the periplasm would be essential to preventing copper toxicity 
when copper concentration is high. CopA-CusC and CopA-CusA clusters also occur with high 
frequency, with 81.3% of all organisms having the former cluster and 64.6% the latter. Proteins 
that extrude proteins from a cellular compartment contribute greatly to copper homeostasis. In 
fact, in most organisms that lack CusA and CusB to form the copper-extruding CBA transport 
system, there are orthologs of CopA and CusC in their genomes. It is tempting to suggest that 
perhaps these two proteins could work together in that CopA would translocate cytoplasmic 
copper into the periplasm and CusC extrude the periplasmic copper into the extracellular matrix. 
4.2 Evolution of copper homeostasis in Deltaproteobacteria 
 Based on the data collected, it is evident that the average copper homeostasis system in 
Deltaproteobacterial organisms (Figure 6) differs quite a bit from that of the model system in 
Escherichia coli (Figure 1). Firstly, orthologs of the members of the Pco system occur more 
frequently in the genomes of Gammaproteobacterial organisms than they do in 
Deltaproteobacterial ones. This could possibly be due to Gammaproteobacterial organisms 
overall being more exposed to extreme copper stress situations that require periplasmic rescue. 
[5] In fact, there are no PcoC, PcoD, or PcoE bidirectional orthologs in any Deltaproteobacterial 
organisms, and orthologs of PcoA and PcoB only exist in 20.8% and 4.2% of all the organisms, 
respectively. This affirms the hypothesis that the system does not play a prominent role in copper 
homeostasis under normal conditions, and that perhaps the protein members functionally replace 
or supplement a protein of another system under stressful conditions such as high copper 
concentrations and anaerobiosis. [7, 21] Indeed, the only two Gammaproteobacterial organisms 
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that have PcoA and PcoB (Geobacter lovleyi and Anaeromyxobacter sp. FW 109-5) are both 
anaerobic. 
 Another observation of note is that predatory, pathogenic, and syntrophic 
Deltaproteobacterial organisms do not have orthologs for more of the seed proteins than is 
average. The average Deltaproteobacterial organism has bidirectional orthologs for 3 of the seed 
proteins, whereas organisms that are predatory, pathogenic, or syntrophic—those belonging to 
the genera Bdellovibrio, Bacteriovorax, Lawsonia, Syntrophobacter, and Syntrophus—have 
orthologs to either 2 or 3 of the seed proteins: CopA and either CusA, CusB, or PcoA. It is 
interesting that these organisms that interact directly with organisms of different genera or even 
class and would presumably encounter situations of copper stress more frequently have an 
average amount of copper homeostasis proteins and not more than average. 
 The two other groups of genera expected to live in environments of higher copper 
concentrations, the extremophiles and soil-dwellers, have orthologs for a higher than average 
amount of homeostasis proteins, as expected.  Though the thermophilic genera, Hippea, has 
orthologs to the least amount of copper proteins at only 1 (CopA), the other extremophilic genera 
(Haliangium, Desulfohalobium, and Deulfotalea) have orthologs to 5, 3, and 4 proteins, 
respectively. Similarly, the soil-dwellers have orthologs to a higher than average number of 
proteins. In fact, they boast the genera with the individual organism that has orthologs to the 
most proteins: Anaeromyxobacter sp. Fw. 109-5 with 7. These genera have orthologs to between 
3 and 5 of the copper homeostasis proteins. This suggests that environment plays a role in 
genetic environment beyond which genes are upregulated; the environment likely affected the 
evolution of these organisms. 
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Copper homeostasis has evolved in Deltaproteobacterial organisms such that only 2 
proteins form the main copper homeostasis system: CopA and CusC (Figure 6). This 
combination can perform the most basic maintenance of copper levels, as CopA extrudes copper 
from the cytoplasm and CusC extrudes it from the periplasm. CusA and CusB orthologs appear 
with slightly less frequency in Deltaproteobacterial genomes and with CusC form the CBA 
complex that can extrude copper from both the cytoplasm and the periplasm, strengthening the 
cell’s resistance to copper toxicity.  
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Figure 6. Model of copper homeostasis in the average Deltaproteobacterial organism. 
 
This report has demonstrated the large differences between the copper homeostasis 
systems of organisms of different classes, genera, and even species. The needs of organisms vary 
greatly as they move to or exist in different environments, and these differing needs are reflected 
in the genetic environment of the organism. Generally, organisms that exist in conditions of 
moderate to high copper concentrations have more genes that code for copper homeostasis 
proteins than those that exist in conditions of low copper concentrations out of necessity. Copper 
homeostasis proteins are generally linked in order to maintain copper concentration at different 
levels depending on the cellular needs and will appear together frequently in the genome. Cells 
that experience stress through either toxic levels of copper or anaerobiosis likely require more 
copper homeostasis proteins to supplement the main proteins in most organisms in order to 
maintain homeostasis. There is still much left to be discovered and explained about copper 
homeostasis and the interactions of the proteins that perform that function. 
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